Abstract: This study investigates the emerging harmonic stability concerns to be addressed by grid planners in generation interconnection studies, owing to the increased adoption of renewable energy resources connected to the grid via power electronic converters. The wideband and high-frequency electromagnetic transient (EMT) characteristics of these converter-interfaced generators (CIGs) and their interaction with the grid impedance are not accurately captured in the typical dynamic studies conducted by grid planners. This paper thus identifies the desired components to be studied and subsequently develops a practical process for integrating a new CIG into a grid with the existing CIGs. The steps of this process are as follows: the impedance equation of a CIG using its control dynamics and an interface filter to the grid, for example, an LCL filter (inductor-capacitor-inductor type), is developed; an equivalent impedance model including the existing CIGs nearby and the grid observed from the point of common coupling are derived; the system stability for credible operating scenarios is assessed. Detailed EMT simulations validate the accuracy of the impedance models and stability assessment for various connection scenarios. By complementing the conventional EMT simulation studies, the proposed analytical approach enables grid planners to identify critical design parameters for seamlessly integrating a new CIG and ensuring the reliability of the grid.
Introduction
Power system planners conduct a series of studies to ensure the reliability of new capacity resources and to avoid their adverse impact on the grid [1, 2] . The stability concerns of conventional synchronous machines, in particular, can be adequately studied using phasor-based time-domain simulation tools, because dynamic phenomena occur at frequencies typically less than a few hertz. However, owing to the increased adoption of photovoltaic and wind resources connected to the grid via power electronic converters, high-frequency and wideband electromagnetic transient (EMT) characteristics of converters and their interactions with the grid, that is, harmonic stability concerns, have become crucial. These aspects, however, cannot be accurately captured and adequately addressed in the existing grid interconnection processes and studies.
Harmonics and resonance concerns of power electronics have been investigated widely in distribution systems, and they are crucial issues to be addressed for the integration of converter interfaced generators (CIGs) [3] [4] [5] [6] [7] . These are practical detection and mitigation solutions to the existing harmonics and resonance problems, that is, harmonics from the converters and their interaction with the harmonic impedance generated by passive grid elements such as cables, transformers, and harmonic filters. These solutions have focused on the steady-state harmonic interactions. However, wide-bandwidth controls may cause system instability or oscillations owing to the lack of stability margins at frequencies ranging from a few hundred hertz to several kilohertz [8] . The dynamics of CIGs and control interactions among grid components should be properly incorporated and, thus, harmonics and stability issues are addressed in the grid interconnection process.
The state-space analysis including the control dynamics of power electronic converters is a well-known method for the analysis of converter stability [9] [10] [11] . System instability can be identified by using eigenvalues of the critical system parameters. If the converter is connected to a weak alternating current (AC) system, certain operating conditions or parameter settings can result in system instability [9, 10] . However, these studies have focused rather on the interaction among the converters and the grid impedance. It is critical to also investigate the interaction among the converters in the evolving power grid. Furthermore, [11] only deals with the low-frequency relative stability problems in the microgrid.
Impedance-based analysis is another promising method for evaluating the stability. Converter impedance is obtained by considering the control dynamics. Impedance-based stability for both the direct current (DC) [12] and AC systems are assessed [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . There have been notable methods for accurately representing the output impedance of a grid-connected voltage-sourced converter (VSC) with dq-domain current control [14] [15] [16] [17] [18] [19] [20] and αβ-domain current control [21] [22] [23] [24] . It is also worth noting studies on the stability in high voltage direct current (HVDC) systems [20, 21] or multiple grid-connected inverters [18, 24] . When the converter and grid impedance characteristics are unknown, it is possible to measure the converter and grid impedance online for the stability assessment and adaptive control [25, 26] . However, these studies have not fully incorporated the harmonic stability concerns observable in grid operations. It is desirable to further explore the operating space and identify the scenarios in which these emerging stability concerns may arise, and thus what the grid planners need to address in their CIG interconnection studies, for example, the impact of a new CIG in terms of its siting and operation.
Motivated by the emerging change in grid characteristics and possible complications encountered without advancing the grid interconnection process, this paper identifies the new studies required to incorporate the characteristics of a new CIG. It presents a practical process to ensure harmonious grid integration of the CIG without any adverse control interaction with the existing CIGs. As illustrated in Figure 1 , this study includes the development of the impedance equation of a CIG using its control dynamics and an interface filter to the grid, for example, the LCL filter (inductor-capacitor-inductor type) considered in this study (see Section 2); the derivation of an equivalent impedance model including the existing CIGs nearby and the grid observed from the point of common coupling (PCC), as presented in Section 3; the assessment of system stability for credible connection options and operational scenarios, as presented in Section 4; followed by concluding remarks in Section 5. Detailed PSCAD/EMTDC simulations validate the accuracy of the impedance models and stability assessment for the selected connection scenarios. 
Modeling of Converter-Interfaced Generator Impedance
The impedance of a CIG is affected by various factors such as control parameters, switching delay, and converter harmonic filters [15, 23] . This section develops the impedance model of a CIG using a proportional-integral (PI) controller and an LCL filter, owing to their popularity in the industry. For simplicity in the analysis, this research does not implement the damping of the LCL filter. Specific passive and active damping schemes, however, may be considered in the detailed simulation studies when specifications are ready. Subsequently, the analytical derivation of the equation is compared with the impedance measurement from a PSCAD/EMTDC converter model to validate the accuracy of the derived model. The converter parameters used for the impedance measurement are presented in the Appendix A. It is assumed that DC sources are used for constant DC voltage; the reactive power is set to 0, and the switching delay is approximated by a first-order Padé approximation, as follows [23, 27] :
We note that this study focuses on a balanced system. However, the proposed approach can be extended to unbalanced system conditions, which generally requires additional studies and stability assessments in the negative-sequence domain. Advanced phase-locked loop (PLL) structures and control schemes to mitigate adverse impacts on the control performance need to be incorporated as necessary.
Because a PI controller-based converter requires a PLL for grid synchronization, the effect of the PLL on the harmonics should be clarified for the stability assessment. Figure 2 shows a control block diagram of the synchronous reference frame PLL used in this research [28] . From this control block diagram, the closed-loop transfer function of the PLL can be derived in the form of a standard second-order transfer function [29] [30] [31] : Using the parameters in the Appendix A, a bode plot of Equation (2) is shown in Figure 3 . The bandwidth of the closed-loop transfer function is 32.39 Hz, which indicates that the harmonics of interest (up to 3 kHz) are suppressed by the transfer function. Therefore, the effect of the PLL in the frequency range from 100 Hz to 3 kHz is limited and is not investigated further in this paper. However, it is crucial to understand and consider the destabilizing impact of the PLL as required, especially when the system strength is low. The details of the impact of PLL gain on the system stability can be found in previous research [9, 19, 32] . 
Impedance Equation with Converter Dynamics
A circuit diagram and d-axis current-control block diagram of the converter are shown in Figure 4 . The control dynamics can be obtained by using the dq frame representation without considering the dynamics of the capacitance C f for the sake of simplicity, as follows [33] :
In contrast, the AC system dynamics should include the capacitance to derive the converter impedance. It can be obtained in time domain as follows: When the dq frame transformation is applied to Equation (5), the equation becomes more complex, owing to the coupling terms. Under the assumption that the time derivative of the frequency is negligible (dw/dt ≈ 0), the d-and q-axis current can be derived as follows:
where
The assumption of zero reactive power, that is, zero q-axis current of the CIG synchronized to the grid, removes the coupling terms, and only the d-axis current control is thus considered to derive the impedance equation. Thus, Equations (3) and (6) introduce the simplified d-axis current-control block diagram shown in Figure 5 and result in the following d-axis current equations:
According to [22, 23] , the converter admittance can be derived as I g /V PCC . Similarly, the converter admittance is obtained as follows: 
Validation of Impedance Equation
The three-phase system impedance can be measured by injecting a small voltage signal in a single line, as documented in [34] . The injection signal at a certain frequency has an impact on the voltage and current of the PCC. The voltage and current response at this frequency is used to obtain the converter impedance. Background harmonics are measured before the signal injection to eliminate the harmonics from the voltage and current response. By substituting the voltage and current response into a symmetrical transformation, positive-and negative-sequence impedance can be derived. Figure 6 illustrates a circuit for signal injection and impedance measurement adopted from [34] . The symmetrical transformation identifies the positive-and negative-sequence currents from the phase currents as follows:
T = 1 e j2π/3 e j4π/3 1 e j4π/3 e j2π/3 (16) where the upper case letters denote the components in the frequency domain, the subscript BGH denotes the background harmonics, and p and n denote the positive and negative components, respectively. The positive-and negative-sequence voltages can be obtained in a similar way from the line-to-line voltages, as follows:
On the basis of Equations (15) and (17), the positive-and negative-sequence impedance at a certain frequency can be derived as follows: Figure 7 compares the frequency response of Equation (14) with the impedance measurement of the converter model. It demonstrates that the frequency response closely matches the impedance measurement and that the converter admittance equation applies to impedance-based stability analysis without the aforementioned coupling terms. Small deviations from the measurement as a result of the coupling term exist, which are, however, worthy of being traded-off for the computational benefit and analytic insight by neglecting the loose coupling. We note also that this research does not investigate the low-frequency range under 100 Hz but focuses on the high-frequency harmonics. 
Equivalent Impedance Modeling
In order to investigate the stability of multiple CIGs, an equivalent impedance for multiple CIGs is introduced, as illustrated in Figure 8 . The line impedance between the converters is modeled as R + jwL with the assumption of a short distance between them. According to Equation (12) , the converter can be represented as a parallel connection of a current source and an admittance. The converter admittance, line impedance, and grid impedance are considered in the impedance-based stability analysis. The equivalent admittance observed from the PCC to the converter side is thus derived as follows:
This equation is derived from the repetitive pattern of the converter admittance Y con obtained in the previous section and the line impedance until the equation covers all the converter-side impedances. In the equivalent circuit, which is the third circuit in Figure 8 , the current flowing to the grid, I PCC , is derived as:
where Y g is the inverse of Z g and I eq is the total current generated from the converters. In this study, the current generated from each converter is assumed to be stable in order to focus on the interconnection among multiple converters. Under the assumption that V g /Z g is also stable, the stability of I PCC can be determined by the common term on the right-hand side, 1/(Y g + Y eq ), in Equation (22). Figure 9 presents an AC system, illustrating two existing CIGs (labeled as "Converter") and a CIG to be installed. Points 1 and 2 are assumed to be candidate sites for the third CIG. The CIGs are assumed to be identical with the same control parameters and filter impedance, for the simplicity of analysis. The line capacitance is neglected as before. The DC sources are connected to the DC side. The active power output from each CIG is 100 kW. In the case of the PI-controlled converter, the PLL is set such that the q-axis voltage is 0. The reference of the q-axis current is set to 0 for minimal impact of the coupling term. The line length is set to 1.6 km. All the parameters of the existing and new CIGs for the base case are shown in the Appendix A. Subscripts 1 and 2 denote the parameters of the existing CIGs and the additional CIG, respectively. Figure 10 shows the poles of the common term, 1/(Y g + Y eq ), as explained in the previous section, for the base case consisting of two CIGs without the additional CIG. As shown in the figure, the base-case system is stable with dominant poles at 489 Hz. The natural frequency of the dominant pole is used to identify the major harmonic components when the system is unstable. Figure 11 shows the poles of the common term when the additional CIG is connected to either point 1 or point 2. When the additional CIG is connected to point 2, the system becomes stable with dominant poles at 394 Hz. However, the connection of the additional CIG to point 1 makes the system unstable. The frequency of the dominant poles is changed from 394 to 287 Hz, owing to the change of the system structure. The system instability is observed in the form of a harmonic inclusion. Figure 12 shows the current waveforms at the PCC when the additional converter is connected to point 1 or 2. The upper graph shows the case of connection to point 1, which results in system instability with severe harmonic distortion, whereas the lower graph shows the case of connection to point 2, without severe harmonic distortion. Moreover, the dominant harmonic component in the case of an unstable system appears at the frequency at which the dominant poles exist. Figure 13 shows the current harmonic magnitudes in the case of an unstable system. The interharmonic components are summed up in the integer-order harmonic components on the basis of the subgrouping method in IEC61000-4-7 [35] . Because the dominant pole exists at 287 Hz, the dominant harmonic component is also observed at the fifth-order. At the connection point 1, the electrical distance between the additional CIG and PCC appears to be the primary contributor to the system stability. The impact of the additional CIG at the connection point 1 on the PCC is stronger than that at the connection point 2. During planning, it is recommended to pay special attention to the parameters affecting the electrical distance, such as the conductor type and system configuration, which can also affect the system loss. Mitigation or correction measures by controls may be considered, as addressed in the following section.
Case Studies

System Configuration
Connection Point Variation
Control Parameter Variation
In the previous section, it is shown that the connection point could impact the system stability significantly. However, if point 1 is the preferred option for economic or environmental reasons, tuning controllers may be adopted to stabilize the grid, which affects the converter impedance as presented in Equation (14) . Figure 14 shows the poles of the common term when the proportional gain K p,2 of the additional CIG connected to point 1 is changed from 1.15 to 0.8. As the proportional gain decreases, the dominant poles move to a stable region accompanied by a change of frequency of the dominant poles from 287 to 505 Hz. Compared to the proportional gain, the integral gain shows a different characteristic in pole movement, as shown in Figure 15 . The small figure in the dashed rectangular box is the enlarged plot of the region of the dominant poles. As the integral gain of the additional CIG K i,2 is changed from 50 to 200, the dominant poles do not show a significant positional change. This indicates that the integral gain rarely affects the system stability. These results are related with the converter admittance in Equation (14) . The proportional gain has an impact on the pole of the converter admittance, whereas the effect of the integral gain on the pole is limited, owing to the small time delay.
In order to secure the system stability, a smaller proportional gain would be appropriate. However, a smaller proportional gain also results in a slow response time of the converter. Therefore, the converter parameters should be tuned by considering both the performance of the converter and the system stability. 
Distance Variation
When there are two proposed sites for the additional CIG, the distance between the converters is another factor to be considered for the system stability. It is assumed that one site is 1.6 km away from point 2 and the other site is located 1.0 km away from point 2. The additional CIG is expected to be connected to point 2 (K p,2 = 1.15 and K i,2 = 50). Figure 16 shows the pole movement for various lengths of the line connecting the additional converter and grid-connected converter. The system is stable for the line length of 1.6 km, whereas the system becomes unstable for the line length of 1.0 km, owing to the reduced resistance, that is, damping. In the unstable case, the frequency of the dominant poles is changed from 394 to 439 Hz and results in a significant seventh-order harmonic, as shown in Figure 17 . Compared with Figure 13 , the highest harmonic order is changed, owing to the frequency change of the dominant poles. This indicates that the impedance of the grid has an impact on the frequency of the dominant poles. 
Converter Disconnection Contingency
Owing to converter malfunction or maintenance, the converter can be disconnected from the grid. The disconnection of the converter changes the equivalent impedance and system stability. Figure 18 shows the pole movement when the additional converter is connected to point 2 and circuit breaker 1 (CB1) is opened as a result of the converter malfunction. Opening CB1 results in system instability with the dominant poles at 398 Hz. Compared to the base case, which only includes the grid-connected converters as discussed in the previous section, this case has the same grid topology as the base case except for a larger grid impedance and larger proportional gain of the converter. In other words, the increase in the grid impedance and proportional gain as compared to the base case results in system instability. Figure 19 shows the current waveforms when CB1 is opened at 0.5 s. Before the CB1 operation, the system is stable and there is no severe harmonic, whereas after the CB1 operation, the harmonics become increasingly severe, owing to the system instability. In order to maintain the stability of the system despite the converter disconnection, the operation of another CB or the adjustment of proportional gain is considered. Figure 20 shows three measures that can be considered to secure the system stability after CB1 is opened. When CB2 is sequentially opened, the system is still unstable, owing to the high grid impedance and high proportional gain of the additional converter. In contrast, when CB3 is opened, the system becomes stable, owing to the low proportional gain of the grid-connected converter. When the proportional gain of the additional converter is set to 0.7, the system is stable despite CB1 being opened. 
Conclusions
Existing time-domain phasor-based and EMT simulation tools lack the capability of capturing the fast dynamics of power electronic converters and providing analytical insights. Motivated by this observation, an analytical approach is developed in the current study for the impact analysis of a new CIG interconnection. First, the output impedance of the new CIG is theoretically developed by incorporating control dynamics and an interface filter, such as the LCL filter in this study. On the basis of this converter output impedance model, the equivalent impedance of the power grid at the PCC is subsequently derived. This impedance model represents the new as well as the existing nearby converters and is used to evaluate the influence of the interactions among converters under various planning options and credible operating conditions on the system stability (e.g., points of interconnection (or sites), line distance (or impedance), control parameters, generator tripping, etc). Detailed EMT simulations have demonstrated the accuracy and efficacy of the derived models and methods.
The proposed method is beneficial and is desired in generator interconnection studies, owing particularly to the increased adoption of photovoltaic or wind resources. The analytical results can reinforce the findings from time-domain simulations and enable the identification of any operational risks of the proposed interconnection project, critical design parameters and any mitigation measures for successful integration and grid security.
In order to reinforce and exploit the findings from this research, we continue our research efforts in the following:
• Exploring the likely scenarios in power grids with high penetration of the CIG and gaining insights into the underlying mechanism.
• Investigating abnormal grid conditions due to, for example, single-and three-phase line faults and emergency response of the advanced CIGs.
• Investigating more utility-friendly ways to represent and understand the study results.
• Developing robust and damping control methods to avoid and mitigate the stability concerns for various conditions. Author Contributions: Youngho Cho investigated the impedance-based analysis and conducted simulation studies under the supervision of the corresponding author, Kyeon Hur. Yong Cheol Kang and Eduard Muljadi helped improve the theoretical aspects and practicality of this study.
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